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Abstract: The role of gut microbiota has become a research hotspot in recent years; however,
whether the gut microbiota are involved in the alleviation or exacerbation of Deoxynivalenol
(DON) toxicity has not been fully studied. Therefore, the objective of this study was to in-
vestigate whether the gut microbiota are involved in reducing or aggravating the intestinal
damage induced by DON in mice. Mice that received or did not receive antibiotic-induced
intestinal flora clearance were orally given DON (5 mg kg/bw/day) for 14 days. At the
end of the experiment, serum, intestinal tissue samples and colon contents were collected
for further analysis. DON caused development of severe histopathological damage, such
as necrosis and inflammation of the jejunum and colon in mice without gut microbiota
clearance. The levels of tight junction proteins ZO-1 and occludin were reduced in the
jejunum and colon of mice without gut microbiota clearance. In addition, the mRNA and
protein levels of pro-inflammatory cytokines (IL-1$3, IL-6, and TNF-«) were increased in
mice without gut microbiota clearance. The presence of microbiota exacerbate the intestinal
damage induced by DON via changes in gut microbiota abundance and production of gut
damaging metabolites.

Keywords: deoxynivalenol; gut; inflammation; microorganism; metagenome

1. Introduction

Gut microbiota plays an important function in maintaining the integrity of the intesti-
nal barrier [1,2] A stable and healthy gut microbiota is characterized by the rich diversity
of gut bacteria [3]. Microbiota dysbiosis has been associated with the pathogenesis and de-
velopment of many intestinal diseases. Recent studies have revealed a positive interaction
between the gut microbiota and mycotoxins [4]. Mycotoxins can alter the gut microbiota
and cause gut and host health disorders [5]. In addition, gut microbiota can biotransform
mycotoxins into bioactive or toxic metabolites which may be harmful to the intestines [6], as
many mycotoxin metabolizing microbial strains have been identified from the gut [5]. Even
though previous studies have revealed the negative effect of mycotoxins on gut microbiota
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composition, there is still a dearth of knowledge on how the gut microbiota activity on my-
cotoxins plays a role in damaging of organs in the body after their exposure. To understand
this, we first investigated whether the gut microbiota truly play a role in mycotoxin activity
using mice with/without gut microbiota clearance exposed to Deoxynivalenol (DON).

DON is the most common mycotoxin produced by Fusarium spp and is mainly found
in grains and food crops [7]. DON is reported to cause serious human disorders worldwide,
with clinical symptoms including nausea, vomiting, abdominal pain, diarrhea, headache,
and fever [8]. In addition, both in vitro and in vivo studies have revealed that DON causes
damage to the morphology of the intestine and alters its function [9-11]. Several studies
have reported that DON exposure causes changes in the composition and relative abun-
dance of gut microbiota. Swine that consumed feed contaminated with DON for 4 weeks
showed changes in the population of fecal aerobic mesophilic bacteria and anaerobic
sulfite-reducing bacteria [6]. Another study also observed an increase in the population of
Bacteroides / Prevotella and a decrease in Escherichia coli population in rats after administering
DON for 4 weeks [12].

The present study was performed to test the hypothesis that DON intestinal damage
is dependent on the presence of gut microbiota. The results from this study will provide us
with basic knowledge for further studies into the exact molecular mechanism and biology
involved in gut microbiota aggravation of intestinal damage induced by DON, as well as
give us novel therapeutic strategies to prevent or treat mycotoxin toxicity via manipulating
the gut microbiota.

2. Results

2.1. Effects of DON and Antibiotic-Induced Microbiota Depletion on Clinical Observation,
Changes in Body Weight and Food Intake of Mice

The effects of DON on the body weight and feed intake of mice are shown in Figure 1A.
After the experimental period, soft stool and lethargy were found in mice administered
with DON. We observed that DON exposure significantly lowered food intake and body
weight in the DON group compared to the control, Abx and Abx-DON groups (p < 0.05).
Moreover, the feed intake and body weights of the mice in the Abx group was higher
compared to the Abx-DON group (p < 0.05) after the experiment.

2.2. Effects of DON and Antibiotic-Induced Microbiota Depletion on Colon Length

As Figure 1B shows, we observed that, compared with the control, in Abx and Abx-
DON groups, the colon length of the DON group was significantly shortened (p < 0.01).
However, there was no difference in the colon length between the Abx and the Abx-DON
groups (p > 0.05).

2.3. Effects of DON and Antibiotic-Induced Microbiota Depletion on DAO and D-LA

To further investigate the damage of DON to the intestinal integrity of mice, we
measured the levels of DAO and D-LA in mouse serum to detect changes in intestinal
permeability. The results showed that, compared with the control group, the DAO and D-
LA levels in the serum of the DON group were significantly increased (p < 0.01). Similarly,
the DAO and D-LA levels in the Abx DON group were increased compared with the Abx
group (p < 0.01); however, there was no difference in the levels of DAO and D-LA between
the DON and Abx DON groups (p > 0.05) (Figure 1C). The results showed that DAO and
D-LA were only affected by DON, and not by microbiome depletion or combination of the
two factors (p > 0.05), indicating that DON can damage the intestinal structural barrier by
directly /independently increasing intestinal permeability.
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Figure 1. Effects of DON on body weight, feed intake and intestinal pathological injury in mice;
(A) The effect of DON on body weight in mice during the experiment; the effect of (A) DON on feed
intake in mice during the experiment, with blue triangles representing the first gavage of quadruple
antibiotics and red triangles representing the first gavage of DON; the feed intake of mice in the
experiment for 17 days; the weight of mice at 18 days of experiment; (B) The effect of DON on colon
length in mice. (C) Effects of DON and antibiotic-induced microbiome depletion DAO and D-LA;
(D) H. E staining and Morphological measurement. From left to right, they are 40 x (Bar = 20 pum),
20x (Bar = 50 um), 40x (Bar = 20 pm), 20 x (Bar = 50 um) (Blue arrow: epithelial cell necrosis; red
arrow: inflammatory cells present; green arrow: mild edema in the submucosal layer; black arrow:
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epithelial exfoliated cells in the intestinal lumen) (height of villi in the jejunum, depth of crypts in the
jejunum, intestinal villus height/crypt depth and crypts in the colon) (E) AB-PAS staining and GCs
counting. From left to right, they are 20x (Bar = 100 um), 40x (Bar = 50 um), 20x (Bar = 100 pm),
40x (Bar =50 um). * p < 0.05, ** p < 0.01.

The severity of the lesions in each group from mild to severe was as follows: control
group ~ Abx group < Abx-DON group < DON group.

2.4. Effects of DON and Antibiotic-Induced Microbiota Depletion on Histological Damage

We observed that the mucosal layer, submucosal layer, muscular layer and outer
membrane of each group of jejunum and colon were intact in the control, Abx and Abx-
DON groups. We also observed that the lamina propria and the epithelial layer of both
the jejunum and colon were clearly demarcated in the control, Abx and Abx-DON groups
(Figure 1D). However, administration of DON only caused pathological changes that were
mainly characterized by necrosis of epithelial cells in the intestine. Most of the changes
occurred in the jejunum at the top of the intestinal villi and in the crypts of the colon. In
addition, we observed deepening of the crypts and the appearance of a small number
of inflammatory cells in the muscularis, mucosa, submucosa and lamina propria in the
DON group. The DON group lost their normal morphology with deepened nuclear
and cytoplasm (blue arrows) staining, whereas the epithelial cells showed elongated
dark staining, indicating that some epithelial cells were necrotic. We also observed a
small number of inflammatory cells in the lamina propria, submucosa and muscularis
(red arrows).

We further measured the villi height and crypt depth in the jejunum. The results
showed that the crypt depth in the DON group was significantly deeper than that in the
control and the Abx-DON groups (p < 0.01). In addition, the villus height in the DON
group was significantly lower than that in the control group (p < 0.01), and the villus height
in the Abx-DON group was significantly lower than that in the Abx group (p < 0.01). The
results from the quantification of the ratio of jejunal villus height/crypt depth showed a
significantly lower villi height/crypt depth ratio in the DON group compared to the control
group (p < 0.01). The villi height/crypt depth ratio of the Abx-DON group was significantly
lower than the Abx group (p < 0.01), and that of the DON group was significantly lower
than the Abx-DON group (p < 0.01). The depth of the colon crypts in the DON group was
significantly deeper than that of the control and Abx-DON groups (p < 0.01). Similarly,
the depth of the colon crypts in the Abx group was significantly deeper than that in the
Abx-DON group (p < 0.01).

2.5. Effects of DON and Antibiotic-Induced Microbiota Depletion on Goblet Counting

As shown in Figure 1E, the GCs in the jejunum were distributed within the epithelial
layer, while those in the colon were distributed within the developed intestinal glands. The
number of GCs in the DON group of the jejunum was significantly increased compared
to the control group (p < 0.01); however, even though there was an increase in GCs in the
Abx DON compared to the Abx groups and DON compared to the Abx DON groups, there
was no statistical difference (p > 0.05). In the colon, the number of GCs in the DON group
were significantly increased compared to the control and Abx DON groups (p < 0.01), and
similarly, the number of GCs in the Abx DON group was significantly increased compared
to the Abx group (p < 0.01).

2.6. Effect of DON and Antibiotic-Induced Microbiota Depletion on Tight Junction Proteins

To investigate the effect of DON and microbiota on the gut integrity, we measured
two tight junction proteins (ZO-1 and occludin) in the intestinal tissues. From the results
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in Figure 2A,B, we observed that the levels of tight junction proteins ZO-1 and occludin
in the DON group were significantly reduced compared to the control and the Abx DON
groups (p < 0.05) in both the jejunum and the colon. In addition, the tight junction pro-
tein levels in the Abx group was significantly higher compared to the Abx DON groups
(p < 0.05). Furthermore, the mRNA expression levels of ZO-1 showed similar results as the
protein expression results in both the jejunum and colon; however, there was no significant
difference in the ZO-1 mRNA expression levels between the Abx and Abx DON groups
(p > 0.05). There was no significant difference in occludin mRNA expression levels between
the DON and Abx DON and the Abx and Abx DON groups, respectively, in either the
jejunum or the colon.
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Figure 2. Effects of DON on the mechanical and immune barrier of the intestine. (A) Immunoflu-
orescence detection of jejunum tight junction protein (ZO-1 + occludin); (B) Immunofluorescence
detection of colon tight junction protein (ZO-1 + occludin); (C) Western blot test of jejunal inflam-
matory factor; (D) Western blot test for colonic inflammatory factors; (E) Jejunum tight junction and
inflammatory factor mRNA levels; (F) Colonic tight junction and inflammatory factor mRNA levels
(n=8).*0.01 <p <0.05 *0.001 <p <0.01, **p < 0.001.

2.7. Effects of DON and Antibiotic-Induced Microbiota Depletion on the Protein Expression Level
of Inflammatory Cytokines Protein

From the cytokines protein expression results, it was observed that the protein levels
of pro-inflammatory cytokines (IL-1f3, IL-6 and TNF«) in the DON groups were elevated
compared to the control group. In addition, we observed an increased in the levels of IL-1f3,
IL-6 and TNF-cc in the DON group compared to the Abx DON group (p < 0.05) in both the
colon and jejunum; however, there was no difference in the levels of IL-6 between the DON
and Abx DON in the jejunum (p > 0.05 or p > 0.01). In contrast, the protein expression of
anti-inflammatory cytokines (IL-4 and IL-10) showed no significant difference among the
groups except between the DON group and control group (p < 0.01).

2.8. Effects of DON and Antibiotic-Induced Microbiota Depletion on Gut Flora Composition
and Abundance

A total of 24 samples (six test samples in each group) were collected from the NovaSeq
X Plus sequencing platform and filtered. The total number of data for each sample was
44,111,056 sequences, with a base number of 6,618,777,156 bp.

After quality control, the number of effective sequences was >98.76%, and the number
of effective bases was >97.06%. The filtered data was then used for subsequent redundancy
removal and analysis. Comparing the non-redundant gene set with the NR database, a LCA
algorithm was used to preserve the biological significance to the maximum extent possible.
A total of 5 domains, 13 boundaries, 137 phyla, 284 classes, 611 orders, 1363 families,
3686 genera and 12,982 species were annotated. The abundance statistics of annotated
species at the phylum level are shown in Table 1. Among all species, Verrucomicrobota has
the highest proportion at 32.90%, followed by Bacteroideta at 31.72% and Bacillota at 24.91%.
These three phyla together account for 89.53% of the total abundance.
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Table 1. NR species annotation results (top 5 phyla).
Top Domain Phylum Total_reads Percent Prevalence
1 d__Bacteria p__Verrucomicrobiota 149,990,662 32.90% 1
2 d__Bacteria p__Bacteroidota 144,624,306 31.72% 1
3 d__Bacteria p__Bacillota 113,552,972 24.91% 1
4 d__Bacteria p__Actinomycetota 14,673,708 3.22% 1
5 d__Bacteria p__Chlamydiota 7,838,146 1.72% 1

Note: Total_reads is the total abundance of a species in all samples; percentage is the proportion of a species in the
total abundance of all samples; prevalence is the frequency at which a species appears in a sample.

Annotation on the alpha diversity of the phylum level was conducted through mothur
analysis, and the results are shown in Figure 3A. The indices of community richness were
sobs, chao and ace, the indices of community evenness were Pieloue, simpsoneven and
shannoneven, the community diversity index was Shannon and Simpson, whereas the index
of community coverage was coverage. Each index reference can be found at: http://www.
mothur.org/wiki/Calculators (accessed on 1 January 2019). The Sobs = Chao = Ace of each
group of samples was measured, and the results showed that the Sobs = Chao = Ace of the
DON group was significantly higher than the Abx DON group (p < 0.05). In addition, the
control group had higher levels of Pielou-e compared to the other groups; however, the levels
were only significantly higher than the Abx DON group (p < 0.05). The Shannon values
in the control group were higher than the values in the other groups; however, they were
significantly higher compared to the Abx DON group (p < 0.01). In contrast, the Simpson
values in the control group were lower than those in the other groups, with a coverage =1 for
each group.

PCA, PCoA and NMDS analyses were conducted on the microbial community compo-
sition of each group at the phylum level based on the NR database. The results are shown
in Figure 3B. The community composition between different groups was separated from
each other (in each figure), and the Anosim test showed significant differences between
groups (p < 0.05). ANOSIM analysis was also performed on microorganisms in each group
at the genus level; and Figure 3C shows the results, that the differences between groups
were significantly greater than the differences within groups (R = 0.62392, p = 0.001).

The bar plot of gut microbiota composition between different groups at the phylum
level is shown in Figure 3D, with a total abundance of 100% for each group of samples. The
main microbial communities that make up the colon microbiota in each group of mice were
Bacteroidetes (21.27~47.28%), Verrucomicrons (6.19~37.19%) and Firmicutes (9.05~32.11%).
The sum of these three phyla accounts for 59.81~91.92% of the total microbiota. Box plot
analysis was performed on microorganisms with a richness greater than 5.00% (Figure 3E),
as well as on the top 6 microorganisms with abundance. Among them, the phylum
Bacteroidetes was the most abundant in the Abx group compared to control, DON and
Abx DON groups (p < 0.01). The phylum Verrucomicobacteria had the lowest abundance
in the control group compared to the DON and Abx DON groups (p < 0.01). The phylum
Firmicutes had the lowest abundance in the Abx group compared to other groups; however,
there was no significant difference when compared to other groups (p > 0.05). In addition,
the control group had a higher abundance of Chlamydia (10.00%) compared to the other
groups; however it was significantly higher than only the DON and Abx DON groups
(p < 0.05). For the phylum Chordata, the control group had an abundance expression
of 9.63% and showed similar group change trends with those observed in Chlamydia.
The abundance of Actinobacteria in the control group (6.68%) was significantly higher
compared to the other groups (p < 0.05). The box plot test performed for the abundance of
other microbial phyla were less than 5.00%.
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Figure 3. Effects of DON on intestinal flora species of mice during the experiment. (A) Alpha
diversity index bar graph on Phylum level; (B) Principal component analysis on Phylum level,
principal co-ordinates analysis on Phylum level and non-metric multidimensional scaling on Phylum
level; (C) Analysis of similarities on Genus level; (D) on Phylum level; (E) The microorganisms with
an abundance greater than 5.00% were analyzed in the box pattern; (F) Kruskal-Wallis H test bar plot
on Phylum level; (G) Heatmap analysis on Phylum level; (H) Circos map of samples and species
on Phylum level; and (I) Percent of community abundance on Genus level (n = 6). * 0.01 <p < 0.05,
**0.001 <p < 0.01.
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From Figure 3F, we observe that, compared with the control group, the DON group
showed an increase in the richness of Verrucomicrobia, whereas the richness of other mi-
croorganisms decreased. In addition, compared with the Abx group, the Abx DON group
showed an increase in the richness of Verrucomicrons and Firmicutes, while the richness of
other microorganisms decreased. The DON and Abx DON groups showed similar trends
in microbial richness changes.

The gut microorganism composition in the genus level is shown in Figure 31. The
results indicate that, after DON treatment, the abundance of Akkermansia increased whereas
the abundance of Muribaculaceae decreased, and these changes were more pronounced in
the presence of microbial communities.

In addition to changes in microbial composition, KEGG analysis (20230830, https:
//www.genome.jp/kegg (accessed on 9 February 2025)) was also performed. The micro-
biome function of mouse colon contents was analyzed, and a total of 11,960 KO num-
bers were identified. According to the KEGG database, at the first classification level,
as Figure 4A shows, six functional gene clusters, including environmental information
processing, cellular processes, human diseases, metabolism, organism systems, and genetic
information processing, showed varying degrees of change, but they were mainly enriched
in metabolism (p < 0.05). DON treatment increased the abundance of metabolism-related
genes, and the increase was greater in the presence of microbial communities than in the
absence of gut bacteria. At the three classification levels, as Figure 4B,C shows, the most
abundant pathways were the metabolic pathway, biosynthesis of secondary metabolites,
and microbial metabolites in diverse environments. As Figure 4D shows, Welch's analysis
was conducted on level 3 of each group. The results showed that the pathways that were
significantly enriched included metabolic pathways, biosynthesis of secondary metabo-
lites, biosynthesis of cofactors, ribosome, purine metabolism and quorum sensing. The
abundance of these pathways in the Abx DON group was higher than that in the control
group and Abx group (p < 0.05); however, the abundance in the DON group was higher
compared to the Abx DON group. This suggests that DON may regulate the homeostasis
of the intestinal environment by altering metabolic pathways.

Further, a cluster analysis was conducted on each sample in each group to identify the
top 50 species in terms of richness (Figure 3G). High abundance and low abundance species
were grouped together to reflect the similarities and differences in community composition
among different groups/samples. As Figure 3G shows, the bacterial domain had the highest
total abundance among the top 50 species in each group, and the community composition
similarity at the phylum level was observed in the following order: control group # Abx
group # DON group ~ Abx DON group. To reflect on the visual correspondence between
microorganisms at the phylum level in each group, richness analysis was conducted on the
top 10 microorganisms with species richness using Circos plots (Figure 3H).
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Figure 4. Effects of DON on KEGG pathway and joint analysis of species and pathological and
inflammatory indicators. (A) Kruskal-Wallis H test bar plot on KEGG level 1; (B) Heatmap analysis
on KEGG level 3, and each column represents a sample, the Y axis is the top 50 abundant channels
and the abundance decreases from top to bottom; (C) Percent of community abundance on Pathway
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Level 3 (Pathway ID); (D) Kruskal-Wallis H test bar plot on KEGG level 3; (E) Variance inflation factor
analysis results; (F,G) The CCA scatter plot of the sample distribution at the level of genus shows
the distribution of samples and where the points represent the samples, and the different colors of
the points represent samples from different groups. The distance between the points represents the
similarity and difference in functional composition between the samples, and the pathological and
inflammatory indicators are represented by arrows. The length of the arrow line represents the degree
of correlation between the species distribution and the pathological and inflammatory indicators,
with longer lines indicating a stronger correlation and shorter lines indicating a weaker correlation.
The angle between the pathological and inflammatory indicators represents the positive or negative
correlation between the pathological and inflammatory indicators (acute angle: positive correlation;
obtuse angle: negative correlation; right angle: no correlation). (H) Mantel Test heat map, where
the lines represent the correlation between the community and the pathological and inflammatory
indicators, and the heat map represents the correlation between the pathological and inflammatory
indicators. The thickness of the lines represents the correlation between the community and the
pathological and inflammatory indicators, drawn using Mantel’s r (the absolute value of R). The solid
and hollow lines represent positive and negative, respectively, indicating the correlation between
the community and the pathological and inflammatory indicators. The different colors in the heat
map represent the positive and negative correlations, with the depth of the color representing the
size of the correlation, and the stars in the blocks representing significance. (I) The X and Y axes
represent the indicators and species, respectively, with red representing positive correlation and blue
representing negative correlation. On the Y-axis, the ones marked in red represent bacteria with
genus abundance greater than 5.00%. * 0.01 <p < 0.05, ** 0.001 < p < 0.01, *** p < 0.001 (n = 6).

2.9. Joint Analysis on the Relationship Between Pathological and Inflammatory Indicators and
Changes in Gut Microbiota

Changes in metabolic pathways affect pathological changes and inflammatory re-
sponses in the body, and changes in metabolites depend on changes in the abundance of
the microbiota. Therefore, we jointly analyzed the relationship between the pathological
and inflammatory indicators, including weight gain at 18d, feed intake at 17d, DAO, D-LA,
colon length and crypt depth, villus height, crypt depth and villi height/crypt depth ratio
of jejunum, goblet cell count in jejunum and colon, ZO-1 and occludin in jejunum and colon,
and IL-183, IL-6 in colon, TNF-«, IL-4, and IL-10 in colon with changes in gut microbiota
species. We first used R language (version 3.3.1) and vegan (2.4.3) for variance inflation.
For variance inflation factor (VIF) analysis, the larger the VIF value, the closer the multi-
collinearity relationship between the independent variables. It is generally believed that
indicators with VIF values less than 10 are useful indicators. From this study, we observed
that indicators with VIF values less than 10 included weight at 18d, DAO, D-LA, colon
length, villus height of jejunum, IL-1B in colon, TNF-a in colon, 1L-4 in colon and 1L-10 in
colon (Figure 4E). After the variance inflation test, we then performed the CCA analysis.
The results at the phylum level are shown in Figure 4F (red arrows indicate factors with
VIF < 10, and blue arrows indicate factors with VIF > 10). The results showed that the CCA1
axis and CCAZ2 axis functions accounted for 67.53% of the variables, among which weight
at 18d, villus height of jejunum, and colon length were positively correlated, denoted as (I);
IL-4 in colon and IL-10 in colon were positively correlated, denoted as (II); DAO, D-LA and
IL-1Band TNF-o in colon are positively correlated, denoted as (III). However, we observed
that (I) and (II) were negatively correlated with (III), indicating that the enzymes and
compounds of intestinal damage in serum are positively related to inflammatory factors
in the colon, and may have synergistic effects on the changes in the microbiota at the
phylum level. The results at the genus level are shown in Figure 4G. The correlation of
each indicator was roughly the same as that at the phylum level. The CCA1 axis and CCA2
axis functions accounted for 70.59% of the variables, but the positive correlation of (I) and
(IT) was stronger, and thus was donated as (IV). In addition, there was a stronger negative
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correlation between (IV) and (III) indicating that the changes caused by oral administration
of DON, including the changes in pathological indicators, pro- and anti-inflammatory
factors and tight junction proteins, which may have antagonistic or negative effects on
microbiota at the genus level; thus, future research should focus on the changes in the
pathways that regulate these indicators.

In order to further clarify the correlation between pathological and inflammatory
indicators, the Mantel test statistical method was used to calculate the pathological and
inflammatory indicators based on genus level. The results are shown in Figure 4H. The
changes in animal feed intake and body weight caused by DON were positively correlated
with morphological changes and tight junction protein changes (p < 0.01). The changes in
DON group microbiota were positively correlated with crypt depth of jejunum and villus
height/crypt depth of jejunum (p < 0.05). The changes in the Abx DON group’s microbiota
were positively correlated with ZO-1 in jejunum and IL-10 in the colon (p < 0.01). In addition,
based on the Spearman rank correlation coefficient, the correlation between phylum level
microbial changes (based on relative abundance) and pathological/inflammatory indicators
was studied. The clustering results are shown in Figure 41. Verrucomicrobiota was negatively
correlated with body feed intake, body weight and colon morphology measurements
(p < 0.05) and positively correlated with tight junction proteins (p < 0.01), indicating that
changes in Verrucomicrobiota abundance were associated with these significant indicators.
It was interesting to observe that Bacteroidota and Bacillota exhibited completely opposite
regulatory effects on various pathological and inflammatory indicators. This suggests
that changes in pathological and inflammatory indicators are accompanied by changes in
microbial abundance, further confirming the consistency between changes in pathological
and inflammatory indicators and microbial abundance.

Using the same calculation method, pathological and inflammatory indicators were
jointly analyzed with KEGG level 3 (based on abundance) in each group. The results
were shown in Figure 5A. At the KEGG level 3, the RDA1 and RDA2 axes accounted for
85.89% of the variables functionally. The indicators with VIF < 10 showed the same trend as
those at the phylum and genus levels of microorganisms, except for the observed negative
correlation between D-LA and DAO, which may be due to the different pathways that
are involved by D-LA and DAO. Furthermore, we conducted a heatmap analysis on the
relationship between pathological and inflammatory indicators and various pathways. As
Figure 5B shows, among the top 50 pathways with total abundance at the classification
level, most pathological and inflammatory indicators showed the same correlation trend,
with weight at 18d, feed intake at 17d, villus height of jejunum, villus height/crypt depth
ratio of jejunum, ZO-1 in jejunum, occludin in jejunum, ZO-1 in colon, occludin in colon
and IL-1p in colon. We also observed a positive correlation between the pathological and
inflammatory indicators in regulating metabolic pathways (p < 0.05), except for crypt depth
of jejunum, crypt depth of colon and goblet cell count in jejunum and colon, which were
negatively correlated in regulating metabolic pathways (p < 0.05).
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Figure 5. Correlation analysis between environmental factors and KEGG level 3. (A) RDA analysis in
KEGG level 3; (B) Spearman correlation heatmap in KEGG level 3. * 0.01 < p < 0.05,**0.001 <p < 0.01,
#**p < 0.001 (n = 6).

3. Discussion

DON intake has negative effects on animal health, with the common clinical symptoms
being reduced feed intake and weight loss [8]. In this experiment, mice with/without gut
microbiota clearance were orally administered with 5 mg/kg BW DON for 14 days. The
results showed that the feed intake and weight gain of the mice group with microbiota
were worse compared to the mice with microbiota clearance (p < 0.05), which is consistent
with the trend of Liao et al. [4], where 1 mg/kg BW/day gavage were administered to
male C57BL/6j mice for 4 weeks. In addition, the current study also confirmed the dose
dependent inverse relationship between that DON concentration and food intake and
body weight [13]. Many studies have confirmed that intestinal microbes are related to
host nutritional status, and as the homeostasis of intestinal flora are altered, absorption of
intestinal nutrients are affected, which further leads to malnutrition of the body [14,15].
However, the results from our joint analysis of pathological and inflammatory indicators
showed that weight in 18d is significantly correlated with microbial flora changes at gate
level. Therefore, we speculated that the change of intestinal flora abundance may be one
important reasons for the weight loss of mice.

The negative effects of DON on feed intake and body weight is related to the impact
of DON on the digestive system [16]. The intestine is an important organ responsible for
food intake, digestion, energy and nutrient absorption, immune response and excretion in
humans and other animals [17]. The tissue structure of the small intestine is characterized
by villi and crypts. DON cause toxicity to the intestine by altering its structure, disrupting
the epithelial barrier, damaging mucosal immunity, and activating oxidative stress and
gut dysbiosis [18,19]. However, whether the presence of microbiota enhances or reduces
the activity of DON has not been fully investigated. Therefore, to investigate whether
microbiota enhances or reduces the intestinal damage activity of DON, we administered
DON to mice with or without gut microbiota clearance and evaluated the colon, length,
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histopathology, crypt depth and villi heights after the treatment period. We observed that
the colon length of the mice without microbiota clearance was shorter compared to the
mice with microbiota clearance, suggesting that the presence of microbiota may aggravate
DON damage. The results from the pathological analysis revealed that the mice group with
no gut microbiota clearance showed severe pathological changes in the mouse jejunum
and colon, characterized by necrosis of epithelial cells and an increase in inflammatory
cells after DON administration compared to mice with microbiota clearance. This result
was consistent with the study by Hou et al. [20], which showed that DON administration
caused pathological changes like inflammation in chicken.

Villi mainly play an absorptive role, and an increase in length enhances absorptive
function, while a decrease in crypts mainly plays a secretory role [21]. The depth of the
crypt reflects the maturation rate of intestinal epithelial cells [22]. The deeper the crypt, the
lower the maturation rate of intestinal epithelial cells, and vice versa [23,24]. The ratio of
villi height to crypt depth comprehensively reflects the health status of the intestine, and a
decrease in the ratio indicates intestinal damage [25]. For the current study, we observed
that the jejunal villi height of the mice group without microbiota clearance was significantly
shortened compared to the group with microbiota clearance. In addition, the crypt depth
and villi height/crypt depth ratio was deepened and decreased respectively in the group
without microbiota clearance compared to the group with microbiota clearance. This was
consistent with the study by Yang et al. [26]., which observed shortening of villi heights,
deepening of crypt depth and decrease in villi height: crypt depth ratio in rabbits exposed
to DON.

The goblet cells are known to be involved in the production of mucoprotein and the
secretion of some factors that help in the repair of epithelial cells [27,28]. Previous studies
have reported that DON at high doses can increase the number of goblet cells in villi and
crypts both in vitro and in vivo [11,21]. The above observation was consistent with the
results of our current study, in which we observed an increase in the number of goblet cells
in mice without microbiota clearance compared to mice with microbiota clearance.

DAO and D-lactic acid are important chemical biomarkers used in measuring the
integrity of the intestine [21]. These biomarkers are released into the bloodstream when
the intestine is permeable as a result of damage. DAO catalyzes the oxidation of deamine,
putrescine and histamine [29], whereas the D-LA is the product of anaerobic metabolism of
glucose in the body. Increased DAO and D-LA levels are associated with diseases which
induce severe intestinal injury [30]. Our results showed an increase in the levels of DAO
and D-LA in the mice group without microbiota clearance compared to the mice group
with microbiota clearance after DON administration; however, this was not significant.

The tight junction proteins serve as an important marker for determining perme-
ability of the intestine. The reduction of these tight junctions has been associated with
leaky gut [31]. Therefore, we evaluated the levels of occludin and ZO-1 in jejunum via
immunofluorescence and RT-qPCR method. The results showed that the protein levels
of ZO-1 and occludin were lower in the mice group without microbiota clearance com-
pared to the mice group with microbiota clearance. This study was consistent with the
study by Mi et al. [32], who reported that DON can reduce the expression of tight junction
proteins (claudin and occludin in the mice colon). Studies have found that Firmicutes,
Bacteroidetes, Actinobacteria and Verrucomicrobia are the most important bacterial groups
in the intestinal microbiome of healthy animals, accounting for more than 90% of the total
bacterial count [33]. These bacteria can produce bacteriocins and proteins that inhibit
the growth of other specific harmful bacteria [34]. In addition, they produce amino acid
metabolites through carbohydrate metabolism pathways [35], such as short-chain fatty
acids (SCFAs) (such as propionate and butyrate) [36]. Although there are few metabolic
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changes caused by changes in the abundance of intestinal microorganisms under DON ex-
posure, an increase in the metabolism of amino acids by intestinal microbiota was observed.
It has been reported that increased amino acid metabolism may be harmful because it
forms biogenic amines and procarcinogenic compounds [37], provides energy to intestinal
epithelial cells, and helps improve epithelial function and promote upregulation of tight
junctions (T]s) [38]. Studies have also shown that butyrate can prevent local inflammation
and improve intestinal barrier permeability by restructuring TJs [39] and upregulating
Z0O-1 and occludin [40,41], while propionate and acetate can affect appetite and energy
metabolism by regulating hormone levels and receptor activity. Our study found that DON
can reduce the abundance of Bacteroidota and Verrucomicrobiota, and the reduction in the
abundance of these flora reduces the ability to inhibit harmful flora. Our joint analysis of
pathological and inflammatory factors showed that the expression levels of tight junction
proteins were positively correlated with each other and were significantly affected by the
changes in flora abundance. We speculated that DON ingestion caused changes in the
abundance of flora in the colon of mice and affected the carbohydrate metabolic pathway,
resulting in a decrease in the production of short-chain fatty acids by these flora, thus
decreased the ability to produce TJs and exacerbating the destruction of the intestinal
epithelial barrier. In contrast, due to the reduction of intestinal flora, the changes in flora
abundance in mice that received gut microbiota clearance were much smaller than those
in mice that did not received gut microbiota clearance, which further confirmed that the
presence of intestinal flora may be a key factor in the exertion of intestinal toxicity induced
by DON.

High expression of pro-inflammation cytokines, such as IL-13 and TNF-«, encourage
intestinal epithelial cells damage via autocrine/paracrine action [35]. DON has been
reported to cause damage to the intestine via activating inflammatory markers. Many
researchers have proven that DON alters cytokines production and immune function [42,43].
In this study, we observed that the levels of pro-inflammatory cytokines (IL-1§3, IL-6
and TNF-«) were significantly increased in the mice group without microbiota clearance
compared to the mice group with microbiota clearance after DON administration. The study
by Wu et al. [44] similarly showed an increase in the levels of inflammation cytokine proteins
(IL-6, IL-8, and TNF-«) and mRNA expression of interleukin-6 in the jejunum and ileum of
piglets after administration of DON. Studies have found that the occurrence of intestinal
inflammation causes pro-inflammatory cytokines to migrate to the mucosal layer and then
leak into the lumen [45]. The transport of these cytokines leads to the opening of tight
junctions, resulting in intestinal leakage. After intestinal leakage, lipopolysaccharide, the
main component of the bacterial outer membrane, enters the blood circulation and triggers
a more severe inflammatory response. This finding is consistent with the results of our joint
analysis of pathological and inflammatory factors. The reduction of tight junction proteins
is positively correlated with the reduction of anti-inflammatory factors and negatively
correlated with pro-inflammatory factors, and both are significantly regulated by changes in
the abundance of microbiota. To date, scientists have still not clearly understood the impact
of the presence of microbiota on the intestinal mechanical barrier under mycotoxin exposure,
but through the comparison of microbiota removal experiments, we found that DON can
promote inflammation by changing the abundance of microbiota in the intestine, destroying
the structure of intestinal epithelial cells and reducing the synthesis of tight junction
proteins. Therefore, the role of microbiota will become a new idea for exploring DON
detoxification. Furthermore, gut dysbiosis alters the production of secondary metabolites
which could contribute to the observed changes in cytokine levels. In the case of our
study, we speculated that DON caused a shift in the production of pro-inflammatory
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cytokine related secondary metabolites thus the reason for increased level of IL-6, IL-8, and
TNF-« observed.

Trpal is associated with decreased food intake as it plays a major role in the activation
of exocytosis of CCK [46]. Studies have shown that the administration of DON increased
in the expression levels of Trpal [47,48]. Similarly, we observed in this study that Trpal
mRNA expression in the jejunum was significantly higher in the mice without microbiota
clearance group compared to the mice with gut flora clearance. This confirms the reduction
of feed intake observed in this studies.

DON administration disturbs the host’s gut microbiota homeostasis [49,50]. In the
present study, we observed that DON exposure altered the relative abundance and composi-
tion of gut microbiota, which was similar to the results of a previous study by Liao et al. [4],
who reported changes in the relative abundance of gut microbiota after administration of
DON (1 mg kg~! bw day ') in mice for 4 weeks. DON causes an imbalance in the gut
microbiota characterized by a decrease in Bacteroidota and Actinomycota abundance and
an increase in Verrucomicrobiota and Bacillota abundance, resulting in changes in metabolic
pathway abundance. We further observed that KEGG pathways, such as metabolic path-
ways, biosynthesis of secondary metabolites, biosynthesis of co factors, ribosomes, purine
metabolism and quorum sensing, were significantly enriched in the gut microbiota after
DON exposure, which supports previous arguments about gut toxicity [4,46]. We found
that metabolic pathways were the most enriched pathway, followed by the biosynthesis
of secondary metabolites pathway, which is related to the function and role of gut mi-
crobiota in metabolic processes, suggesting that DON intake activates pathways, such
as carbohydrate metabolism, amino acid metabolism and lipid metabolism, and induced
metabolic pathway activity with the participation of microbiota. An increase in amino
acid metabolism amino acids can be harmful as it results in the formation of biogenic
amines and precarcinogenic compounds that have negative effects on neurotransmission,
immune regulation, cell proliferation and growth and antioxidant activity [37]. Therefore,
although we did not separately detect changes in metabolites within the gut microbiota,
previous studies have shown that the intake of DON can enhance the metabolic activity of
gut microbiota towards amino acids, forming toxic metabolites such as ammonia, amines,
phenols, and indole [41], which have adverse effects on gut cells and lead to diarrhea in
pigs, thereby hindering growth performance [51]. Therefore, we can conclude that DON
alters the gut microbiota and their metabolism, which in turn affects the gut function.
Moreover, we observed from the study that there was a positive relationship between
pathological and inflammatory indicators to changes in the gut microbiota composition
which was consistent with previous studies that reported a strong association of intestinal
damage parameters with changes in the relative abundance of gut microflora after DON
exposure in previous studies [52]. Thus, we speculated that the changes in pathological
and inflammatory indicators may be caused by changes in the intestinal flora which affects
the KEGG pathway.

Furthermore, in this study, we observed that discrepant metabolic pathways may be
involved in metabolism and biosynthesis of secondary metabolites after DON exposure,
which also supports the previous demonstration of the toxicity in the intestine [4,46]. The
reduction in the abundance of Bacteroidota and Actinomycota, along with the increase in
Verrucomicrobiota and Bacillota, suggests that DON exposure disrupts the balance of the
gut microbiota. This disruption may result in the alterations in microbial metabolism,
as evidenced by the enrichment of the biosynthesis of secondary metabolites and purine
metabolism pathway [53,54]. Secondary metabolites are compounds that are not essential
for the basic life processes of microorganisms but play important roles in their interac-
tions with the environment and other organisms, whereas purine metabolism is a critical
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process for the synthesis and degradation of purine nucleotides, which are essential for
DNA and RNA synthesis, energy production, and cell signaling [54,55]. The changes in
this pathway indicate that the gut microbiota may be responding to DON exposure by
altering the production of these compounds and purine metabolites, which could have
downstream effects on intestinal health. In addition, we observed significant association
between pathological and inflammatory indicators with metabolic pathways. The observed
changes in the biosynthesis of secondary metabolites pathway could contribute to the
intestinal damage induced by DON as secondary metabolites produced by the gut mi-
crobiota may have pro-inflammatory or anti-inflammatory effects, which could influence
the inflammatory response in the intestine. Additionally, changes in the production of
secondary metabolites could affect the intestinal barrier function, further exacerbating the
damage caused by DON. The increase in Verrucomicrobiota and Bacillota, a mucin-degrading
bacterium, may indicate a compensatory mechanism to maintain intestinal barrier function
in the face of DON toxicity. Therefore we speculated that the changes in pathological and
inflammatory indicators may affect the KEGG pathways by influencing gut microbiota and
their metabolites; however, there is the need for further studies to confirm this statement.
Therefore, further exploration of how the microbiota can demonstrate DON toxicity dam-
age through significantly correlated pathological and inflammatory indicators is our future
research direction.

4. Materials and Methods
4.1. Experimental Animal

In total, 72 Specific pathogen free (SPF) male C57BL/6j mice (6-8 weeks) weighing
20 £ 2 g, were obtained from SiBeiFu (Beijing, China) and housed in specific pathogen-free
facilities maintained at 22-24 °C with a 40-60% relative humidity and a 12-h light:dark
cycle with no restrictions to food and water. The cages were disinfected daily.

4.2. DON Dosage Formulation and Determination

DON was purchased from Shanghai Yujing Technology Co., Ltd. (Shanghai, China)
(purity > 99.6%) and dissolved in deionized water to obtain a solution at a concentration
of 1 mg mL~!. Each mouse received an appropriate solution by oral gavage 8:00 a.m. every
morning to body weight (5 mg kg~! bw day~!, equivalent to 0.55 mg kg~ ! bw day ! in
human based on the Meeh—-Rubner equation) for 14 days. The dosage and timing of DON
were based on pre-experimental (unpublished data) and previous research results of our
research group [56,57].

4.3. Antibiotics Treatment

Vancomycin and metronidazole were purchased from Shanghai Yuanye Biotechnology
Co., Ltd. (Shanghai, China), while neomycin sulfate and ampicillin were purchased from
Shanghai Yien Chemical Technology Co., Ltd. (Shanghai, China) Four antibiotics were
used to create a sterile mouse model. The mice were orally administered following the
procedure of Gong et al. [58]. Vancomycin 100 mg/kg B.W, neomycin sulfate 200 mg/kg
B.W, metronidazole 200 mg/kg B.W, and ampicillin 200 mg/kg B.W were dissolved in
1x PBS solution and administered orally every morning at 8 a.m. for 5 days.

4.4. Experimental Design

After 7 days adaptation period, mice were randomly allocated into four groups with
a total of 12 mice in each group. The control group received only 1x PBS + deionized
water, the DON group received 1x PBS + DON solution, the Abx group received antibi-
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otics + deionized water, and the Abx-DON group received antibiotics + DON solution. The
summary information of the treatment groups is shown in Figure 6.

—‘I'd ?f 55 18d
-7 days 5 days 14 days 1 day
& Normal feeding 1x PBS deionize water Sacrifice | Control group
Normal feeding 1x PBS Deoxynivalenol (5 mg/kg/B.W) Sacrifice | DON group
Normal feeding  Antibiotics treatment deionize water Sacrifice | Abx group
& Normal feeding  Antibiotics treatment Deoxynivalenol (5 mg/kg/B.W) Sacrifice | Abx-DON group
Pseudo Germ-  _ Antibiotics _  Vancomycin Eomycin sulfate Metronidazole Ampicillin
free Mice treatment 100mg/kg/B.W 200 mg/kg/B.W 200 mg/kg/B.W 200 mg/kg/B.W

Figure 6. Experimental groups and their treatments.

After the treatment period, mice in each group were fasted for 4 h and 12 mice were
randomly selected from each group and sacrificed following euthanization with isoflurane
(1.5% at a flow rate of 0.4-0.8 L/min). Blood was collected from the right eye using
retroorbital blood collection method. After being transferred into an ep tube and left at
room temperature for 30-60 min, the blood samples were then centrifuged at 4000 r/min
for 10 min, 4 °C to obtained serum, which was stored at —20 °C until further analysis. In
addition, intestinal tissue was then aseptically removed, weighed, and 2 cm in length of the
jejunum tissue (in the middle segment of jejunum) and colon tissue (2-7 cm proximal to the
anus) were cut for further analysis. The length of the colon was measured using a meter
rule. The colon contents were aseptically collected 4 cm from the anus, and were quickly
frozen in liquid nitrogen for further analysis (n = 6).

4.5. Clinical Observation

After 7 days of adaptive feeding, the experimental phase was initiated. During this
period, the body weight and feed intake of each group of mice were measured and recorded
at 8 am. every day. At the same time, the mental, hair, and fecal status of each group
of mice were observed to see if there was any soft stool or diarrhea, as well as clinical
symptoms of poisoning, which were recorded.

4.6. Enzyme-Linked Immunosorbent Assay Detection on DAO and D-LA in Mice

The concentrations of diamine oxidase (DAQO) and D-Lactic acid (D-LA) were deter-
mined in the blood serum using commercial ELISA kits (Jingmei Biological Technology,
Jiangsu, Yancheng, China) to assess the degrees of gut mucosal barrier damage according
to the manufacturer’s instructions. The level of sensitivity of each kit was 1 ug/mL (DAO:
pg/mL, D-LA: ug/L).

4.7. Pathology of Gut Tissue
4.7.1. Hematoxylin-Eosin Staining

Mice jejunum and colons were fixed in 4% paraformaldehyde for 36 h, embedded in
paraffin blocks, and cross-sectioned at 4 pm thickness using a conventional rotary slicer
(Leica, RM2235, NufSloch, Germany). After deparaffinization, sections were successively
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stained with hematoxylin for 3 min and eosin for 5 min for morphological analysis. The
3DHISTECH (Budapest, Hungary) Pannoramic SCAN digital slice scanner and CaseViewer
2.3 software were used to observe and analyze the pathological changes in jejunum and
colon. Pathology of jejunum and colon sections as well as villi height and crypt depth were
measured using an Image Pro Plus 6.0 (Media Cybernetics, Bethesda, MD, USA).

4.7.2. AB-PAS Staining and GCs Counting

The paraffin blocks were cut into 4 pum thick slices using a slicer. The slices were
deparaffinized, hydrated, stained with Alizarin blue staining solution, and oxidized with 1%
periodic acid oxidant. After staining with Schiff’s solution, the cell nucleus was stained with
hematoxylin, differentiated with hydrochloric acid and alcohol, and subjected to routine
dehydration, transparency, and sealing. 3DHISTECH (Budapest, Hungary) Pannoramic
SCAN digital slice scanner was used to capture images, whereas CaseViewer software was
used to observe the images. In addition, the Image Pro Plus 6.0 image analysis system was
used to measure the tissue area under the field of view to determine the number of goblet
cells per unit area (cells/um?).

4.8. Immunofluorescence Detection of Tight Junction Proteins (T[s) Protein Localization and
Expression Levels

The IF staining was conducted as previously described (Lei et al. [59]). The primary
antibodies included ZO-1 (cat. no. #AF5145; 1:100; Affinity Biosciences, Cincinnati, OH,
USA) and Occludin (cat. no. #DF7504; 1:200; Affinity Biosciences, Cincinnati, OH, USA).
The Alex Fluor 488-labeled secondary antibodies (Invitrogen, Carlsbad, CA, USA) were
used for the analysis. Images were obtained through the Fluorescence microscope (CX40,
SOPTOP, Ningbo, China). The Image Pro Plus 6.0 image analysis system measures the
optical density of each segment of the intestine, and the average optical density reflects the
expression of ZO-1 and occludin proteins.

4.9. Western Blot Detection of DON Expression of Inflammatory Factors

RIPA lysis buffer (P0013B, Beyotime, Shanghai, China) supplemented with protease
inhibitors was used to extract total protein from the mice jejunum and colon tissues. Pro-
teins were transferred to nitrocellulose membranes after separation by 12% sodium dodecyl
sulfate-PAGE (SDS-PAGE). The proteins were probed with primary antibodies against IL-1
B, IL-6, TNF-«, IL-4, and IL-10 GAPDH (abs137959, 1:10,000, Absin, Shanghai, China). Sec-
ondary anti-mouse/rabbit IgG, HRP-linked antibody (#7076, #7074, 1:10,000, Cell Signaling
Technology, Danvers, MA, USA), and Lumigen ECL Ultra (Lumigen, Southfield, MI, USA)
detection reagents were used to visualize the proteins.

4.10. RNA Extraction and Quantitative Real-Time PCR Analysis

Following the method by Cui et al. [21], the intestinal tissues stored in the —80 °C were
subjected to RNA extraction. Specific primers were designed for ZO-1, occludin, claudin-3,
IL-1B, IL-6, TNF-«, IL-4, IL-10 and Trpal genes using Oligo 7.0 software, and synthesized
by Shanghai Biotech Co., Ltd. (Shanghai, China) Every intestinal segment was opened
longitudinally, cleaned by PBS, snap frozen in liquid nitrogen, and grinded into powder
with a mortar and pestle. The total RNA from each sample was extracted with an Animal
Total RNA Isolation Kit (Sagon Biotech, Shanghai, China) following the manufacturer’s
instructions. RNA concentrations were determined by absorbance at 260 nm in a UV
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA; OD260/280 ~ 1.9-2.0).
After 2 ug RNA was reverse transcribed into 20 uL. cDNA using a PrimeScrip RT reagent
kit (Takara, Tokyo, Japan), quantitative real-time PCR was performed by using a CFX96
PCR detection system (BioRad, Hercules, CA, USA) with a SYBR Premix ExTaq (Takara).
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The conditions of PCR were as follows: 95 °C for 5 min, then 40 cycles of 95 °C, 15 s for
denaturation, 60 °C, 60 s for annealing at 70 °C and 25 s for extension. Each qRT-PCR
reaction was performed with volumes of 15 uL containing 6.25 pL TB Green TM Premix
(Takara), 0.3 uL forward and reverse primers, 1.5 uL cDNA, and 6.65 pL. DNase/RNase-
Free Deionized Water (Tiangen, Beijing, China). The gene primers used in this experiment
are shown in Table 2. The relative expression levels were normalized by internal reference
GAPDH through the 224 method.

Table 2. Primers.

Gene Name

Primer Sequence Annealing Temp.

F: TGGTGTGTGACGTTCCCATT

IL-1p R: TGTCGTTGCTTGGTTCTCCT 16,176 60/60
IL-6 R TGCAAGTGEATCATCGTTGTTC 16193 60/60
IL-4 R, AGCACCITGRAAGCCCTACAGA 16189 60/63
1L-10 K. GOCAGAGCCACATGCTCCTA 16153 61/61
201 F: ACATCATTTCCACCAGCTAGICS 21872 61/60
CAPDH F: CGACTTCAACAGCAACTCCCACTCTTCC 14433 6060

R: TGGGTGGTCCAGGGTTTCTTACTCCTT

4.11. Total DNA Extraction and Sequencing

The quality testing of DNA samples and library construction procedures were carried
out in accordance with the standards of Shanghai Meiji Biomedical Technology Co., Ltd.
(Shanghai, China). After extracting the total DNA from the collected colonic contents
with the DNA extraction kit, NanoDrop2000 (Thermo, Wilmington, DE, USA) was used
to detect the DNA purity, TBS-380 was used to detect the DNA concentration, and 1%
agarose gel electrophoresis with voltage of 5 V/cm, and time 20 min was used to detect
the DNA integrity. The Covaris M220 ultrasonic disruptor (Covaris, Woburn, MA, USA)
was used to break DNA into fragments of approximately 400 bp and NEXTFLEX Rapid
DNA Seq Kit (Revvity, Waltham, MA, USA) was used for the construction of the library.
Furthermore, NovaSeq X Plus (Illumina, San Diego, CA, USA) sequencing platform was
used for metagenomic sequencing (Shanghai Meiji Biomedical Technology Co., Ltd.).

4.12. Statistical Analysis

SPSS 25.0 statistical analysis software was used to perform normality tests on ex-
perimental data. For experimental data that conformed to normality, homogeneity of
variance tests were performed. Two way ANOVA tests were used for experimental data
that conformed to normality and homogeneity of variance. Independent sample ¢-tests
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were performed for each of the four “selected cases”, and the differences between the
groups were shown in a bar chart. All experimental data are expressed as “Mean £ SD”,

117

ns indicates no difference, p < 0.05 indicates significant difference, and “**” p < 0.01

indicates extremely significant difference.

5. Conclusions

From the study, we conclude that gut microbiota presence aggravates the damaging
activity of DON to the intestine. However, the mechanism by which gut microbiota enhance
the toxicity of DON still needs further research. In addition, one major limitation of this
study is the lack of a validation experiment to confirm the hypothesis by restoring the gut
microbiota of mice with microbiota clearance with probiotics or microbiota transplant to
observe whether the toxic activity of the DON would elevate. Furthermore, this study did
not investigate how gut microbiota presence causes inflammatory responses and reduced
gut integrity in the various intestinal tissues after DON administration, as well as the role
of gut microbiota metabolites on DON associated gut toxicity. We plan to investigate this
as our future experiment.

Significance of the Study

Mycotoxins cause various health complications which could even lead to death. Over
the past decades, the fight against the existence of mycotoxin in our food has been un-
winnable as it is very difficult to get rid of these toxins. Thus, this raises a serious health
threat to humans and animals who come into contact with these toxins every day. As
the intestine is the first organ to interact with mycotoxins, various studies have studied
mycotoxins’ effects on the intestinal function as well as intestinal microbiota. However, the
involvement of the gut microbiota in the toxicity effect has not been fully studied. Therefore,
for this to be investigated, we observed the degree of damage of the intestine in the presence
or absence of the gut microbiota to give the scientific basis for further independent studies
on the molecular mechanism of the gut microbiota in the degree of damage by various
mycotoxins. The results from this study will serve as basic knowledge for further studies
into the exact molecular mechanism and biology involved in gut microbiota aggravation
of intestinal damage induced by DON, thus helping in the development of biological
strategies that will equip the gut microbiota to help reduce the toxicity of mycotoxins after
ingestion by both humans and livestock.

Author Contributions: Y.C. and H.G.: conceptualization, methodology, and software. Y.C., H.G.
and S.K.O.: data curation, writing, and original draft preparation. Y.C., H.G., Z.H., Y.D. and H.D.:
validation and investigation. ].D.: visualization. ].D. and Z.R.: supervision and funding. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was supported by National Natural Science Foundation of China (NSFC)
(Grant No. 32273072).

Institutional Review Board Statement: All animal studies were approved by the Institutional Animal
Care and Use Committee of Sichuan Agricultural University (Approval No.: 20230677).

Data Availability Statement: The data presented in this study are available on request from the
corresponding authors.

Acknowledgments: I would like to thank all authors for their hard work in making this paper
publishable. I would also like to extend my sincere gratitude to the teaching staff at the College of
Veterinary Medicine, Sichuan Agricultural University, Chengdu, China, for their advice and guidance
in writing this paper.

Conflicts of Interest: The authors declare no conflicts of interest.



Int. J. Mol. Sci. 2025, 26, 1712 22 0f 24

References

1. Di Vincenzo, E; Del Gaudio, A.; Petito, V.; Lopetuso, L.R.; Scaldaferri, F. Gut microbiota, intestinal permeability, and systemic
inflammation: A narrative review. Intern. Emerg. Med. 2024, 19, 275-293. [CrossRef] [PubMed]

2. Kocot, AM.; Jarocka-Cyrta, E.; Drabifiska, N. Overview of the importance of biotics in gut barrier integrity. Int. J. Mol. Sci. 2022,
23, 2896. [CrossRef] [PubMed]

3. Mosca, A,; Leclerc, M.; Hugot, ].P. Gut microbiota diversity and human diseases: Should we reintroduce key predators in our
ecosystem? Front. Microbiol. 2016, 7, 455. [CrossRef] [PubMed]

4. Liao, Y.; Peng, Z.; Xu, S. Deoxynivalenol exposure induced colon damage in mice independent of the gut microbiota. Mol. Nutr.
Food Res. 2023, 67, €2300317. [CrossRef] [PubMed]

5. Jin,].; Beekmann, K,; Ringg, E.; Rietjens, LM.C.M.; Xing, F. Interaction between food-borne mycotoxins and gut microbiota: A
review. Food Cont. 2021, 126, 107998. [CrossRef]

6. Liew, W.P; Mohd-Redzwan, S. Mycotoxin: Its Impact on Gut Health and Microbiota. Front. Cell Infect. Microbiol. 2018, 8, 60.
[CrossRef]

7. Okyere, S.K,; Hu, Y. An overview of the toxic effects and mechanisms of zearalenone, aflatoxins, and deoxynivalenol on intestinal
integrity damage in humans and animals: A comprehensive review. Venoms Toxins 2023, 3, €050623217655. [CrossRef]

8.  Pestka, ].J. Deoxynivalenol: Mechanisms of action, human exposure, and toxicological relevance. Arch. Toxicol. 2010, 84, 663—679.
[CrossRef]

9. Akbari, P; Braber, S.; Gremmels, H.; Koelink, PJ.; Verheijden, K.A.; Garssen, ].; Fink-Gremmels, J. Deoxynivalenol: A trigger for
intestinal integrity breakdown. FASEB |. 2014, 28, 2414-2429. [CrossRef]

10. Diesing, A.K.; Nossol, C.; Dénicke, S.; Walk, N.; Post, A.; Kahlert, S.; Rothkotter, H.].; Kluess, ]. Vulnerability of polarised intestinal
porcine epithelial cells to mycotoxin deoxynivalenol depends on the route of application. PLoS ONE 2011, 6, e17472. [CrossRef]
[PubMed]

11.  Yang, W.; Huang, L.; Wang, P; Wu, Z,; Li, F; Wang, C. The effect of low and high dose deoxynivalenol on intestinal morphology,
distribution, and expression of inflammatory cytokines of weaning rabbits. Toxins 2019, 11, 473. [CrossRef]

12.  Saint-Cyr, M.].; Perrin-Guyomard, A.; Houée, P; Rolland, J.-G.; Laurentie, M. Evaluation of an oral subchronic exposure of
deoxynivalenol on the composition of human gut microbiota in a model of human microbiota-associated rats. PLoS ONE 2013,
8, e80578. [CrossRef] [PubMed]

13.  Amuzie, C.J.; Flannery, B.M.; Ulrich, A.M.; Pestka, ].]J. Effects of deoxynivalenol consumption on body weight and adiposity in
the diet-induced obese mouse. J. Toxicol. Environ. Health A 2011, 74, 658-667. [CrossRef]

14. Celi, P; Cowieson, A.].; Fru-Nji, F; Steinert, R.E.; Kluenter, A.M.; Verlhac, V. Gastrointestinal functionality in animal nutrition and
health: New opportunities for sustainable animal production. Anim. Feed. Sci. Technol. 2017, 234, 88-100. [CrossRef]

15.  Zoghi, S.; Sadeghpour Heravi, F.; Nikniaz, Z.; Shirmohamadi, M.; Moaddab, S.Y.; Ebrahimzadeh Leylabadlo, H. Gut microbiota
and childhood malnutrition: Understanding the link and exploring therapeutic interventions. Eng. Life Sci. 2023, 24, 2300070.
[CrossRef] [PubMed]

16. Wan, S.; Sun, N.; Li, H.; Khan, A.; Zheng, X.; Sun, Y.; Fan, R. Deoxynivalenol damages the intestinal barrier and biota of the
broiler chickens. BMC Vet. Res. 2022, 18, 311. [CrossRef] [PubMed]

17.  Sanders, L.M.; Shellen, G.; Maki, K.C. Resiliency of the digestive system during aging and the impact of diet. Nutr. Today 2023, 58,
165-174. [CrossRef]

18. Xia, D.; Mo, Q.; Yang, L.; Wang, W. Crosstalk between mycotoxins and intestinal microbiota and the alleviation approach via
microorganisms. Toxins 2022, 14, 859. [CrossRef]

19.  Zhai, X.; Qiu, Z.; Wang, L.; Luo, Y.; He, W.; Yang, J. Possible toxic mechanisms of deoxynivalenol (DON) exposure to intestinal
barrier damage and dysbiosis of the gut microbiota in laying hens. Toxins 2022, 14, 682. [CrossRef] [PubMed]

20. Hou, L; Yuan, H; Liu, Y.; Sun, X.; Chang, J.; Zhang, H.; Zhang, J.; Sun, J.; Wang, Q.; Chen, F. Effect of deoxynivalenol on
inflammatory injury on the glandular stomach in chick embryos. Poult. Sci. 2023, 102, 102870. [CrossRef] [PubMed]

21. Cui, C; Wang, X.; Zheng, Y.; Li, L.; Wang, E; Wei, H.; Peng, J. Paneth cells protect intestinal stem cell niche to alleviate
deoxynivalenol-induced intestinal injury. Ecotoxicol. Environ. Saf. 2023, 264, 115457. [CrossRef]

22. Feng, Z,;Li, T; Wu, C; Tao, L.; Blachier, F; Yin, Y. Monosodium L-glutamate and dietary fat exert opposite effects on the proximal
and distal intestinal health in growing pigs. Appl. Physiol. Nutr. Metab. 2016, 40, 353-363. [CrossRef]

23. Xue, G.; Barekatain, R.; Wu, S.; Choct, M.; Swick, R. Dietary L-glutamine supplementation improves growth performance, gut
morphology, and serum biochemical indices of broiler chickens during necrotic enteritis challenge. Poult. Sci. 2018, 97, 1334-1341.
[CrossRef]

24. Zhu, X; Shang, X,; Lin, G.; Li, H.; Feng, X.; Zhang, H. Effects of zinc glycinate on growth performance, serum biochemical indexes,

and intestinal morphology of yellow feather broilers. Biol. Trace Elem. Res. 2022, 200, 4089-4097. [CrossRef]


https://doi.org/10.1007/s11739-023-03374-w
https://www.ncbi.nlm.nih.gov/pubmed/37505311
https://doi.org/10.3390/ijms23052896
https://www.ncbi.nlm.nih.gov/pubmed/35270039
https://doi.org/10.3389/fmicb.2016.00455
https://www.ncbi.nlm.nih.gov/pubmed/27065999
https://doi.org/10.1002/mnfr.202300317
https://www.ncbi.nlm.nih.gov/pubmed/37712110
https://doi.org/10.1016/j.foodcont.2021.107998
https://doi.org/10.3389/fcimb.2018.00060
https://doi.org/10.2174/2666121703666230605120559
https://doi.org/10.1007/s00204-010-0579-8
https://doi.org/10.1096/fj.13-238717
https://doi.org/10.1371/journal.pone.0017472
https://www.ncbi.nlm.nih.gov/pubmed/21364771
https://doi.org/10.3390/toxins11080473
https://doi.org/10.1371/journal.pone.0080578
https://www.ncbi.nlm.nih.gov/pubmed/24260424
https://doi.org/10.1080/15287394.2011.539119
https://doi.org/10.1016/j.anifeedsci.2017.09.012
https://doi.org/10.1002/elsc.202300070
https://www.ncbi.nlm.nih.gov/pubmed/38708416
https://doi.org/10.1186/s12917-022-03392-4
https://www.ncbi.nlm.nih.gov/pubmed/35965338
https://doi.org/10.1097/NT.0000000000000616
https://doi.org/10.3390/toxins14120859
https://doi.org/10.3390/toxins14100682
https://www.ncbi.nlm.nih.gov/pubmed/36287951
https://doi.org/10.1016/j.psj.2023.102870
https://www.ncbi.nlm.nih.gov/pubmed/37660451
https://doi.org/10.1016/j.ecoenv.2023.115457
https://doi.org/10.1139/apnm-2014-0434
https://doi.org/10.3382/ps/pex444
https://doi.org/10.1007/s12011-021-02990-x

Int. J. Mol. Sci. 2025, 26, 1712 23 of 24

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Liu, H.; Wang, J.; Mou, D.; Che, L.; Fang, Z.; Feng, B.; Lin, Y.; Xu, S.; Li, ].; Wu, D. Maternal methyl donor supplementation
during gestation counteracts the bisphenol A-induced impairment of intestinal morphology, disaccharidase activity, and nutrient
transporters gene expression in newborn and weaning pigs. Nutrients 2017, 9, 423—437. [CrossRef]

Yang, J.; Liu, E; Liu, D. Acute, subacute, and immunotoxicity studies of deoxynivalenol (DON) in BALB/c mice. Shanghai J. Agric.
2015, 31, 12-18.

Graziani, F; Pinton, P; Olleik, H.; Pujol, A.; Nicoletti, C.; Sicre, M.; Quinson, N.; Ajandouz, E.H.; Perrier, J.; Pasquale, E.D.; et al.
Deoxynivalenol inhibits the expression of trefoil factors (TFF) by intestinal human and porcine goblet cells. Arch. Toxicol. 2019, 93,
1039-1049. [CrossRef]

Pinton, P.; Graziani, F; Pujol, A.; Nicoletti, C.; Paris, O.; Ernouf, P.; Pasquale, E.D.; Perrier, J.; Oswald, LP.; Maresca, M.
Deoxynivalenol inhibits the expression by goblet cells of intestinal mucins through a PKR and MAP kinase dependent repression
of the resistin-like molecule beta. Mol. Nutr. Food Res. 2015, 59, 1076-1087. [CrossRef] [PubMed]

Honzawa, Y.; Nakase, H.; Matsuura, M.; Chiba, T. Clinical significance of serum diamine oxidase activity in inflammatory bowel
disease: Importance of evaluation of small intestinal permeability. Inflamm. Bowel Dis. 2011, 17, E23-E25. [CrossRef]

Ouyang, J.; Yan, J.; Zhou, X,; Isnard, S.; Harypursat, V.; Cui, H.; Routy, J.P.; Chen, Y. Relevance of biomarkers indicating gut
damage and microbial translocation in people living with HIV. Front. Immunol. 2023, 14, 1173956. [CrossRef]

Okyere, S.K.; Wen, |.; Cui, Y;; Xie, L.; Gao, P.; Zhang, M.; Wang, ].; Wang, S.; Ran, Y; Ren, Z.; et al. Bacillus toyonensis SAU-19
and SAU-20 isolated from Ageratina adenophora alleviates the intestinal structure and integrity damage associated with gut
dysbiosis in mice fed high fat diet. Front. Microbiol. 2022, 13, 820236. [CrossRef]

Mi, J.; Tong, Y.; Zhang, Q.; Wang, Q.; Wang, Y.; Wang, Y,; Lin, G.; Ma, Q.; Li, T.; Huang, S. Alginate oligosaccharides enhance
gut microbiota and intestinal barrier function, alleviating host damage induced by deoxynivalenol in mice. J. Nutr. 2024, 154,
3190-3202. [CrossRef]

Rizk, M.G.; Thackray, V.G. Intersection of polycystic ovary syndrome and the gut microbiome. J. Endocr. Soc. 2021, 5, bvaal77.
[CrossRef] [PubMed]

Ngu, ].H.; Bechly, K.; Chapman, B.A.; Burt, M.].; Barclay, M.L.; Gearry, R.B.; Stedman, C.A. Population-based epidemiology study
of autoimmune hepatitis: A disease of older women? J. Gastroenterol. Hepatol. 2010, 25, 1681-1686. [CrossRef]

Takeuchi, T.; Kubota, T.; Nakanishi, Y.; Tsugawa, H.; Suda, W.; Kwon, A.T.; Yazaki, ].; Ikeda, K.; Nemoto, S.; Mochizuki, Y.; et al.
Gut microbial carbohydrate metabolism contributes to insulin resistance. Nature 2023, 621, 389-395. [CrossRef]

Louis, P; Flint, H.J. Formation of propionate and butyrate by the human colonic microbiota. Environ. Microbiol. 2017, 19, 29-41.
[CrossRef]

Piotrowska, M.; Slizewska, K.; Nowak, A.; Zielonka, t..; Zakowska, Z.; Gajecka, M.; Gajecki, M. The effect of experimental
fusarium mycotoxicosis on microbiota diversity in porcine ascending colon contents. Toxins 2014, 6, 2064-2081. [CrossRef]
[PubMed]

Lin, H.; Zhu, L.; Baker, S.S.; Baker, R.D.; Lee, T. Secreted phosphoglucose isomerase is a novel biomarker of nonalcoholic fatty
liver in mice and humans. Biochem. Biophys. Res. Commun. 2020, 529, 1101-1105. [CrossRef]

Ploger, S.; Stumpff, E; Penner, G.B.; Schulzke, J.D.; Gabel, G.; Martens, H.; Shen, Z.; Giinzel, D.; Aschenbach, J.R. Microbial
butyrate and its role for barrier function in the gastrointestinal tract. Ann. N. Y. Acad. Sci. 2012, 1258, 52-59. [CrossRef]
Richards, L.B.; Li, M.; Folkerts, G.; Henricks, P.AJ.; Garssen, J.; van Esch, B.C.A.M. Butyrate and propionate restore the cytokine
and house dust mite compromised barrier function of human bronchial airway epithelial cells. Int. ]. Mol. Sci. 2020, 22, 65.
[CrossRef]

Richards, ].D.; Gong, J.; De Lange, C.F. The gastrointestinal microbiota and its role in monogastric nutrition and health with an
emphasis on pigs: Current understanding, possible modulations, and new technologies for ecological studies. Can. J. Anim. Sci.
2005, 85, 421-435. [CrossRef]

Antonissen, G.; Van Immerseel, F; Pasmans, F; Ducatelle, R.; Janssens, G.P,; De Baere, S.; Mountzouris, K.C.; Su, S.; Wong, E.A;
De Meulenaer, B.; et al. Mycotoxins deoxynivalenol and fumonisins alter the extrinsic component of intestinal barrier in broiler
chickens. J. Agric. Food Chem. 2015, 63, 10846-10855. [CrossRef]

Peng, Z.; Chen, L.; Nussler, A K; Liu, L.; Yang, W. Current sights for mechanisms of deoxynivalenol -induced hepatotoxicity and
prospective views for future scientific research: A mini review. J. Appl. Toxicol. 2017, 37, 518-529. [CrossRef]

Wu, J.; Wang, H.; Liao, J.; Ke, L.; Lu, D.; Deng, B.; Xu, Z. Mitigation effects of plant carbon black on intestinal morphology,
inflammation, antioxidant status, and microbiota in piglets challenged with deoxynivalenol. Front. Immunol. 2024, 15, 1454530.
[CrossRef]

Schwiertz, A.; Spiegel, J.; Dillmann, U.; Grundmann, D.; Biirmann, J.; Fabender, K.; Schifer, K.H.; Unger, M.M. Fecal markers of
intestinal inflammation and intestinal permeability are elevated in Parkinson’s disease. Park. Relat. Disord. 2018, 50, 104-107.
[CrossRef]

Thomas, J.P.; Modos, D.; Rushbrook, S.M.; Powell, N.; Korcsmaros, T. The emerging role of bile acids in the pathogenesis of
inflammatory bowel disease. Front. Immunol. 2022, 13, 829525. [CrossRef]


https://doi.org/10.3390/nu9050423
https://doi.org/10.1007/s00204-019-02425-6
https://doi.org/10.1002/mnfr.201500005
https://www.ncbi.nlm.nih.gov/pubmed/25727397
https://doi.org/10.1002/ibd.21588
https://doi.org/10.3389/fimmu.2023.1173956
https://doi.org/10.3389/fmicb.2022.820236
https://doi.org/10.1016/j.tjnut.2024.09.031
https://doi.org/10.1210/jendso/bvaa177
https://www.ncbi.nlm.nih.gov/pubmed/33381671
https://doi.org/10.1111/j.1440-1746.2010.06384.x
https://doi.org/10.1038/s41586-023-06466-x
https://doi.org/10.1111/1462-2920.13589
https://doi.org/10.3390/toxins6072064
https://www.ncbi.nlm.nih.gov/pubmed/25025709
https://doi.org/10.1016/j.bbrc.2020.06.126
https://doi.org/10.1111/j.1749-6632.2012.06553.x
https://doi.org/10.3390/ijms22010065
https://doi.org/10.4141/A05-049
https://doi.org/10.1021/acs.jafc.5b04119
https://doi.org/10.1002/jat.3428
https://doi.org/10.3389/fimmu.2024.1454530
https://doi.org/10.1016/j.parkreldis.2018.02.022
https://doi.org/10.3389/fimmu.2022.829525

Int. J. Mol. Sci. 2025, 26, 1712 24 of 24

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

57.

58.

59.

Tominaga, M.; Momonaka, Y.; Yokose, C.; Tadaishi, M.; Shimizu, M.; Yamane, T.; Oishi, Y.; Kobayashi-Hattori, K. Anorexic action
of deoxynivalenol in hypothalamus and intestine. Toxicon Off. ]. Int. Soc. Toxicol. 2016, 118, 54—60. [CrossRef]

Zhou, H.R,; Pestka, ].J. Deoxynivalenol (Vomitoxin)-induced cholecystokinin and glucagon-like peptide-1 release in the STC-1
enteroendocrine cell model is mediated by calcium-sensing receptor and transient receptor potential ankyrin-1 channel. Toxicol.
Sci. Off. |. Soc. Toxicol. 2015, 145, 407-417. [CrossRef]

Rajput, S.A; Liang, S.J.; Wang, X.Q.; Yan, H.C. Lycopene Protects Intestinal Epithelium from Deoxynivalenol-Induced Oxidative
Damage via Regulating Keap1/Nrf2 Signaling. Antioxidants 2021, 10, 1493. [CrossRef]

Vignal, C.; Djouina, M.; Pichavant, M.; Caboche, S.; Waxin, C.; Beury, D.; Hot, D.; Gower-Rousseau, C.; Body-Malapel, M. Chronic
ingestion of deoxynivalenol at human dietary levels impairs intestinal homeostasis and gut microbiota in mice. Arch. Toxicol.
2018, 92, 2327-2338. [CrossRef]

Chen, H.; He, L.Q.; Liu, T; Yang, L.Y. Research Progress of Effects of Mycotoxin on Intestinal Function and Its Mechanism. Chin. .
Anim. Nutr. 2022, 34, 772-782.

Qiu, Y,; Yang, ].; Wang, L.; Yang, X.; Gao, K.; Zhu, C,; Jiang, Z. Dietary resveratrol attenuation of intestinal inflammation and
oxidative damage is linked to the alteration of gut microbiota and butyrate in piglets challenged with deoxynivalenol. J. Anim.
Sci. Biotechnol. 2021, 12, 71. [CrossRef]

Mostafavi Abdolmaleky, H.; Zhou, J.R. Gut Microbiota Dysbiosis, Oxidative Stress, Inflammation, and Epigenetic Alterations in
Metabolic Diseases. Antioxidants 2024, 13, 985. [CrossRef]

Singh, A.K.; Durairajan, S.5.K.; Iyaswamy, A.; Williams, L.L. Elucidating the role of gut microbiota dysbiosis in hyperuricemia
and gout: Insights and therapeutic strategies. World . Gastroenterol. 2024, 30, 4404—-4410. [CrossRef]

Sun, M.; Dai, P,; Cao, Z.; Dong, J. Purine metabolism in plant pathogenic fungi. Front. Microbiol. 2024, 15, 1352354. [CrossRef]
Liang, Z.; Ren, Z.; Gao, S.; Chen, Y,; Yang, Y.; Yang, D.; Deng, J.; Zuo, Z.; Wang, Y.; Shen, L. Individual and combined effects of
deoxynivalenol and zearalenone on mouse kidney. Environ. Toxicol. Pharmacol. 2015, 40, 686—691. [CrossRef]

Ren, Z.H.; Deng, H.D.; Deng, Y.T.; Deng, J.L.; Zuo, Z.C.; Yu, S.M.; Shen, L.H.; Cui, HM.; Xu, ZW.; Hu, Y.C. Effect of the Fusarium
toxins, zearalenone and deoxynivalenol, on the mouse brain. Environ. Toxicol. Pharmacol. 2016, 46, 62-70. [CrossRef]

Gong, S.; Yan, Z; Liu, Z. Intestinal microbiota mediates the susceptibility to polymicrobial sepsis-induced liver injury by
granisetron generation in mice. Hepatology 2019, 69, 1751-1767. [CrossRef]

Lei, Z.; Yang, L.; Lei, Y,; Yang, Y.; Zhang, X.; Song, Q.; Chen, G.; Liu, W.; Wu, H.; Guo, ].].T. High dose lithium chloride causes
colitis through activating F4/80 positive macrophages and inhibiting expression of Pigr and Claudin-15 in the colon of mice.
Toxicology 2021, 457, 152799. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.toxicon.2016.04.036
https://doi.org/10.1093/toxsci/kfv061
https://doi.org/10.3390/antiox10091493
https://doi.org/10.1007/s00204-018-2228-6
https://doi.org/10.1186/s40104-021-00596-w
https://doi.org/10.3390/antiox13080985
https://doi.org/10.3748/wjg.v30.i40.4404
https://doi.org/10.3389/fmicb.2024.1352354
https://doi.org/10.1016/j.etap.2015.08.029
https://doi.org/10.1016/j.etap.2016.06.028
https://doi.org/10.1002/hep.30361
https://doi.org/10.1016/j.tox.2021.152799

	Introduction 
	Results 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on Clinical Observation, Changes in Body Weight and Food Intake of Mice 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on Colon Length 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on DAO and D-LA 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on Histological Damage 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on Goblet Counting 
	Effect of DON and Antibiotic-Induced Microbiota Depletion on Tight Junction Proteins 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on the Protein Expression Level of Inflammatory Cytokines Protein 
	Effects of DON and Antibiotic-Induced Microbiota Depletion on Gut Flora Composition and Abundance 
	Joint Analysis on the Relationship Between Pathological and Inflammatory Indicators and Changes in Gut Microbiota 

	Discussion 
	Materials and Methods 
	Experimental Animal 
	DON Dosage Formulation and Determination 
	Antibiotics Treatment 
	Experimental Design 
	Clinical Observation 
	Enzyme-Linked Immunosorbent Assay Detection on DAO and D-LA in Mice 
	Pathology of Gut Tissue 
	Hematoxylin-Eosin Staining 
	AB-PAS Staining and GCs Counting 

	Immunofluorescence Detection of Tight Junction Proteins (TJs) Protein Localization and Expression Levels 
	Western Blot Detection of DON Expression of Inflammatory Factors 
	RNA Extraction and Quantitative Real-Time PCR Analysis 
	Total DNA Extraction and Sequencing 
	Statistical Analysis 

	Conclusions 
	References

